Rotational excitation of H 2 O, HDO and D 2 O by thermal electron impact is studied using the molecular R-matrix method. Rate coefficients are obtained up to electron temperatures of 8000 K. De-excitation rates and critical electron densities are also given. It is shown that the dominant transitions are those for which J = 0, ±1, as predicted by the dipolar Born approximation. However, a pure Born treatment is found to overestimate the cross-sections close to threshold energies and to neglect important (dipole forbidden) transitions, owing to the importance of short-range and threshold effects. In the context of cometary water, the contribution of electron collisions might explain the need for large H 2 O-H 2 O collisional excitation rates in population models that neglect electrons.
I N T RO D U C T I O N
Water vapour has been detected in a great variety of astronomical objects using both spacecraft and Earth-based observations. The Infrared Space Observatory (ISO), in particular, has revealed the ubiquity of water in the interstellar medium, from star-forming regions (e.g. Wright et al. 2000) to envelopes of evolved stars (e.g. Herpin & Cernicharo 2000) . In such environments, water is one of the most abundant molecules, after H 2 and CO, and it plays a critical role in the cooling of the molecular gas. The Submillimeter Wave Astronomy Satellite (SWAS) was also able to detect water vapour emission from a wide variety of sources using the single 1 10 -1 01 rotational transition at 557 GHz (e.g. Melnick et al. 2001) . Water can also be detected at radio wavelengths through maser transitions which are commonly associated with star-forming regions (e.g. Furuya et al. 2003) or extragalactic sources (e.g. Hagiwara, Diamond & Miyoshi 2003) . In our own Solar system, water has been detected on Venus (Encrenaz et al. 1995) , Mars (Gurwell et al. 2000) and the giant planets (Bergin et al. 2000) . Water vapour is also the main constituent of cometary comae (e.g. Neufeld et al. 2000) and, finally, 'hot' water has been detected on the Sun, in the umbrae of large sunspots (Polyansky et al. 1997) .
Despite a low cosmological abundance of deuterium, D/H ≈ (1.5-3) × 10 −5 (Pettini & Bowen 2001) , several deuterated molecules have been detected in space [for a recent review see e.g. Ceccarelli (2002) ]. In particular, the singly deuterated water HDO has been observed in a variety of objects, from Orion IRc2 (Pardo et al. 2001) to Comet Hale-Bopp (Meier et al. 1998) . A number of multiply deuterated molecules have also been detected recently (e.g. E-mail: j.tennyson@ucl.ac.uk Bacmann et al. 2000) , but doubly deuterated water D 2 O has yet to be discovered.
As the observed intensities of molecular emission depend on a complex competition between radiative and collisional processes, a good knowledge of state-to-state collisional excitation rates is necessary. In the dense interstellar medium, the most important exciting species is H 2 . The modelling of many SWAS observations was thus based on the use of the collisional rates computed by Phillips, Maluendes & Green (1996) for the rotational excitation of H 2 O by H 2 molecules. Dubernet & Grosjean (2002) have recently extended the work of Phillips et al. (1996) to the very low temperatures (5 < T < 20 K) found in cold interstellar clouds.
However, in environments where the electron fraction is larger than about 10 −5 , electron collisions can dominate the molecular excitation because electron-impact collisional rates exceed those for excitation by neutral species by typically 5 orders of magnitude. This point was investigated in some detail by Xie & Mumma (1992) in the context of cometary water. Based on measurements of the electron abundance in Comet Halley and simple estimates of the collisional rates, Xie & Mumma (1992) have shown that standard excitation models significantly underestimate the importance of collisional excitation by electrons. Thus the rotational temperature of H 2 O in cometary comae might be controlled by collisions with electrons rather than with neutral molecules. This view was also supported by observations of other species such as methanol, for instance in Comet Lee (Biver et al. 2000) .
Electron-impact excitation of the water molecule has been widely studied, both experimentally and theoretically, for many years. The recent theoretical study by Gianturco et al. (1998a) has shown a good agreement with the available experiments in the energy range 2-50 eV. However, to our best knowledge, no accurate calculation has been performed at lower energies, which are necessary to compute rates for temperatures lower than about 2000 K. The aim of the present R-matrix study is therefore to provide electron-impact rotational (de-)excitation rates for water and water isotopomers over a broad range of temperature and transitions, for astrophysical use. This study will also help in assessing the differences and similarities between the electron-impact rotational excitation rates for neutral molecules and molecular ions, the latter having already been investigated in detail by our group (Rabadán, Sarpal & Tennyson 1998b; Lim, Rabadán & Tennyson 1999; Faure & Tennyson 2001 . In Section 2, R-matrix calculations are described and the procedure used to obtain cross-sections is briefly introduced. In Section 3, both cross-sections and rate coefficients are presented and discussed. Conclusions are given in Section 4.
C A L C U L AT I O N S

R-matrix calculations
All calculations were performed using the H 2 O wavefunctions developed by Gorfinkiel, Morgan & Tennyson (2002) where full details can be found. R-matrix calculations were performed at the equilibrium geometry of H 2 O, r OH = 1.81a 0 and angle between OH bonds α = 104.
• 5, using an R-matrix sphere of radius 10a 0 . The molecule in this geometry belongs to the C 2v point group. A fixed geometry is appropriate, as previous R-matrix studies on molecular ions have shown that rotational excitation cross-sections are rather insensitive to vibrational motion effects (Rabadán, Sarpal & Tennyson 1998a . The wavefunctions for these states were generated using a CASCI (complete active space configuration interaction) procedure and averaged natural orbitals. This model gives a ground-state energy of −76.0923 au and a dipole moment of 1.864 D, which is close to the experimental value of 1.854 D (Suresh & Naik 2000) . The close-coupling expansion was augmented with terms representing correlation and polarization. The continuum functions were represented by Gaussian-type orbitals optimized to represent Bessel functions, with l 4 (Faure et al. 2002) .
In the fixed-geometry approximation, the HDO and D 2 O electronic wavefunctions are identical to those of H 2 O. The distinction between the water isotopomers therefore arises from the treatment of the rotational motion. In particular, the molecules have different orientations of the principal axes, rotational excitation thresholds and selection rules. These issues are discussed below.
Rotational cross-sections
The water molecule and its isotopomers are asymmetric top rotors with three different rotational constants. This means that the rotational excitation process involves transitions between |J Ka Kc states, where J is the principal quantum number, K a is the projection of J along the A-axis and K c is its projection along the C-axis. However, it is often more convenient to use the pseudo-quantum number
in particular to express the collisional selection rules. In the following, both notations |J Ka Kc and |J τ will be used. The rotational excitation cross-sections were calculated following the procedure implemented in the program POLYDCS (Sanna & Gianturco 1998) for the scattering of an electron from a nonlinear molecule in the fixed-nuclei (FN) approximation [the general theory can be found in the review by Gianturco & Jain (1986) ]. In this approach, the cross-section is expressed as a partial-wave expansion within the adiabatic nuclei rotation (ANR) method (Lane 1980) . For low partial-waves (here l 4), the cross-section is computed from the FN T-matrices obtained via the R-matrix calculations. In the case of dipole allowed transitions, the partial-wave expansion does not converge if the FN approximation is applied as it stands, owing to the very long-range nature of the electrondipole interaction. To circumvent this problem, the standard procedure is to use the dipolar Born approximation to obtain the crosssection for the high partial-waves not included in the FN T-matrices (Crawford & Dalgarno 1971 ). The final cross-section is then calculated as the sum of two contributions and can be regarded as a short-range correction to the Born approximation. For the calculation of Born cross-sections, the required squared dipole transitions moments were computed from the H 2 O, HDO and D 2 O line intensities tabulated in the Jet Propulsion Laboratory (JPL) catalogue (Pickett et al. 1998) . For dipole forbidden transitions, cross-sections are expected to converge rapidly and can be safely evaluated using FN T-matrices only. As the current version of POLYDCS is implemented for J 5, transitions among all levels up to J = 5 only were computed (see Section 3.2). Finally, the known unphysical behaviour of the FN cross-sections near rotational thresholds was corrected using a simple kinematic ratio (Chandra & Temkin 1976; Morrison & Sun 1995) . The invalidity of the ANR approximation close to excitation thresholds results from the assumption that the electron loses no energy in the inelastic collision. Note that this threshold correction is not implemented in the standard version of the POLYDCS program. Note also that threshold effects can only be included rigorously in a full rotational close-coupling calculation, which is impractical at the collision energies investigated here (see below) because of the excessively large number of open channels that would need to be considered.
R E S U LT S A N D D I S C U S S I O N
Cross-sections
As discussed by Okamoto, Onda & Itikawa (1993) , the comparison with experimental differential cross-sections (DCS) is often the only reliable way for testing calculations. Integral cross-sections deduced from experiments are indeed strongly dependent on the extrapolation procedure used to estimate the small-angle scattering which cannot be detected experimentally. As a result, the measured values of the integral cross-sections for water are systematically smaller than theoretical calculations (Okamoto et al. 1993; Gianturco et al. 1998a) .
We have therefore computed the elastic (rotationally summed) DCS for electron scattering from H 2 O at the electron energy of 6 eV in order to compare our calculations with the recent experimental results of Johnstone & Newell (1991) . As shown in Fig. 1 , our calculations reproduce the experimental data very well. They are also in very good agreement with the calculations of Gianturco et al. (1998a) , in spite of the differences in the short-range treatments. The good agreement between theory and experiment thus suggests that the simple FN approximation, completed with Born calculations for dipolar transitions, is reliable to compute rotational excitation cross-sections.
Inelastic cross-sections were also reported by Gianturco et al. (1998a) in the energy range 2-50 eV. Calculations for dipolar transitions were shown to be in qualitative agreement with the experimental data of Jung et al. (1982) . Furthermore, dipolar cross-sections were found to be entirely dominated by high partial-waves, i.e. the short-range correction is negligible. This point was already observed by Jain & Thompson (1983) and was invoked by Xie & Mumma (1992) to justify their use of a pure Born treatment. We did obtain similar results for the same energies. However, as discussed by Clark (1977) , the Born approximation is expected to become unreliable close to the threshold energy, i.e. at electron energies lower than about 1 eV, owing to the effects of short-range forces. This is illustrated in Fig. 2 , where the Born calculation is shown to overestimate the 0 00 -1 11 cross-section by about 40 per cent at the peak (E ≈ 0.01eV). This point, already observed by Dickinson & Richards (1975) for diatomic polar molecules, clearly shows that short-range and threshold effects are crucial for computing rates at temperatures lower than about 1000 K.
Rate coefficients
As H 2 O has its first electronically excited state, a 3 B 1 , at 7.035 eV, cross-sections were computed in the energy range 0.001-7.0 eV, in order to avoid a high-energy extrapolation procedure. The transition rates were therefore obtained for temperatures between 100 and 8000 K, assuming a Maxwellian velocity distribution for the electrons. For use in modelling, the temperature dependence of the transition rates, k in cm 3 s −1 , has been fitted by the analytic form used by Balakrishnan, Forrey & Dalgrano (1999) :
where we have replaced x = 1/T 1/3 by x = 1/T 1/6 . A fourth-order polynomial (N = 4) was found to be sufficient to obtain a reasonable uncertainty over the whole range of temperature 100 T 8000 K (see below). It should be noted that the kinematic correction used to force the cross-sections to zero at threshold leads to rate coefficients which do not obey detailed balance at very low temperature. Deexcitation rates were therefore computed from the excitation ones using the detailed-balance relation.
The critical electron density, n cr , is defined as the density at which the collisional de-excitation rate is equal to the spontaneous radiative de-excitation rate:
Note that the usual definition of the critical density refers to a specific transition in a two-level approach. Equation (3) generalizes this concept by considering all relevant transitions involved in the (radiative and collisional) depopulation of a specific rotational level. At densities higher than n cr , electron collisions will maintain rotational levels in Boltzmann equilibrium at the appropriate electron temperature.
H 2 O
As the H 2 O dipole lies along the axis of intermediate moment of inertia, the selection rules for dipole radiation are (e.g. Gordy & Cook 1984 )
From equation (4) follows the well-known property that there are two sets of energy levels for H 2 O, one with even values of τ (para levels) and one with odd values of τ (ortho levels), between which radiative transitions are highly forbidden. This ortho-para modification results from the quantum statistics of identical particle, here fermions (hydrogen nuclei). Within the dipolar approximation, Born cross-sections are directly proportional to the squared dipole transition moments (see Section 2.2) and therefore strictly obey the radiative selection rules (4). On the other hand, Jain & Thompson (1983) have discussed electron collisional selection rules for asymmetric top molecules within the FN approximation. They found that transitions are allowed only between symmetric (even τ ) states or asymmetric (odd τ ) states, which leads to
Thus electron collisions do not interconvert the para-and orthoforms, as expected. Rate coefficients for transitions with J 3 in para-and ortho-H 2 O are presented in Figs 3 and 4, respectively. It can be seen that the largest rates are about 10 −6 cm 3 s −1 and correspond to dipole allowed transitions ( J = 0, ±1). Transitions with J = 2 are found to be two orders of magnitude smaller and higher transitions lie typically between 10 −9 and 10 −11 cm 3 s −1 . Thus, in contrast to electronimpact rotational excitation of molecular ions for which transitions with J = 2 were found in all cases to have rates comparable to (or even larger than) those with J = 1 [see Faure & Tennyson (2003) and references therein], rotational excitation of water is largely dominated by dipolar transitions. In fact, as shown by Faure & Tennyson (2001) in the case of linear molecular ions, the key parameter in the rotational excitation process is the dipole moment value which dictates the magnitude of dipole allowed transitions and, consequently, the relative importance of dipole forbidden transitions. For example, in the case of ozone which has a small dipole moment (0.53 D), Gianturco, Paioletti & Sanna (1998b) found that transitions with J = 2 have cross-sections slightly larger than those with J = 1. This merely reflects the fact that the importance of dipole forbidden transitions is inversely proportional to the dipole moment value of the target (neutral or charged). On the other hand, even in the case of strongly polar molecules, rotational transitions with J > 1 do not have negligible rates. In particular, it is interesting to note that rate coefficients for the rotational excitation of H 2 O by neutrals are typically below 10 −10 cm 3 s −1 (Green, Maluendes & McLean 1993; Phillips et al. 1996) . This point is further discussed below, in the context of critical densities. Figs 3 and 4 also show that rates peak at relatively high temperatures, between 200 and 1000 K, as a consequence of the large rotational excitation energies of H 2 O.
The coefficients of the polynomial fit, equation (2), are given in Tables 1 and 2 for para-and ortho-H 2 O, respectively. Rates are reported for water initially in the lowest five rotational levels, corresponding to J = 0, 1 and 2, and for excitation and de-excitation to the lowest eight levels (all those with J 3). It should be noted that the ratios between specific a 0 coefficients do not necessarily reflect the ratios between the corresponding rates as the relative magnitude of the subsequent polynomial coefficients is crucial. The complete set of fits among all levels up to J = 5 is available via the electronic version of this article.
1 Equation (2) was found to reproduce our data within 0.1 per cent for the largest rates and usually within 5 per cent for the smallest rates. We emphasize that these fits are only valid in the temperature range 100 T 8000 K.
Critical densities for para-and ortho-H 2 O are given in Tables  3 and 4 , respectively. These were computed using Einstein A coefficients for spontaneous emission computed from the H 2 O line intensities tabulated in the JPL catalogue (Pickett et al. 1998) . Note that these A coefficients agree to within 1 per cent with those calculated by Chandra, Varshalovich & Kegel (1984a) . Critical electron densities are found to range between 10 3 and 10 6 cm −3 , i.e. they are much larger than electron densities in the interstellar medium (typically below 10 cm −3 ). It is instructive to note that critical H 2 densities, as deduced from the rotational de-excitation rates computed by Phillips et al. (1996) and Dubernet & Grosjean (2002) for the H 2 O-H 2 system, range typically between 10 8 and 10 11 cm −3 . This suggests that in any interstellar environments where the electron fraction n(e)/n(H 2 ) is larger than about 10 −5 , such as diffuse clouds or photodissociation regions (PDRs), electrons will compete with (or possibly dominate over) neutrals to rotationally excite the water molecules. In this context, it should be noted that H 2 O was detected by ISO through several rotational lines in the PDR associated with the protoplanetary nebula CRL 618 (Herpin & Cernicharo 2000) . Furthermore, in the context of cometary comae where the electron density ranges between 1 and 10 4 cm −3 (according to measurements in Comet Halley), current models are based on H 2 O-H 2 O collisional rates taken to be ≈10 −9 cm 3 s −1 (e.g. Biver et al. 2000) . If poorly known, such a value is likely to be an order of magnitude too large [see e.g. the comparison by Green (1993) between CO-H 2 O and CO-He rate coefficients]. Thus critical H 2 O densities in comets should be similar to those found for H 2 in the interstellar medium, i.e. around 10 9 cm −3 . As n(e)/n(H 2 O) is larger than 10 −3 in cometary comae (Xie & Mumma 1992) , the contribution of electron collisions might explain the need for large H 2 O-H 2 O cross-sections in cometary models that neglect electrons.
D 2 O
Like H 2 O, D 2 O has both ortho-and para-modifications. However, as deuterium nuclei are bosons, the quantum statistics are interchanged with respect to H 2 O: para-levels are those with odd values of τ , whereas ortho-levels are those with even τ -values. Radiative and collisional selection rules are, however, unchanged with respect to H 2 O since the C 2v symmetry is conserved. Moreover, the dipole moment of D 2 O is equal to 1.8545 D (Dyke & Muenter 1973) , which is very close to the H 2 O value (see Section 2.1).
Rate coefficients for transitions with J 3 in ortho-and para-D 2 O are presented in Figs 5 and 6 , respectively. The small differences from H 2 O rates (see for comparison Figs 3 and 4) come from the lower rotational excitation energies of D 2 O which lead to rates that peak at lower temperatures. Table 1 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of para-H 2 O. The upper level energies, E up , are taken from Pickett et al. (1998 The coefficients of the polynomial fit, equation (2), are given in Tables 5 and 6 for ortho-and para-D 2 O, respectively. Rates are reported for the same transitions as in H 2 O and the complete set of fits is also available via the electronic version of this article. As in H 2 O, equation (2) was found to reproduce our data within 0.1 per cent for the largest rates and usually within 5 per cent for the smallest rates. Again, we emphasize that these fits are only valid in the temperature range 100 T 8000 K.
Critical densities for ortho-and para-D 2 O are given in Tables 7  and 8 , respectively. These were computed using Einstein A coefficients for spontaneous emission computed from the D 2 O line intensities tabulated in the JPL catalogue (Pickett et al. 1998) . Critical electron densities for D 2 O are found to be one order of magnitude lower than those for H 2 O owing mainly to lower Einstein A coefficients but also, at low temperature, to larger rates. 
HDO
which lead to τ = 1, ±3, . . . . Since the electronic wavefunction of HDO is identical to those of H 2 O and D 2 O (in the fixed geometry approximation), a-type transitions are collisionally forbidden in the FN approximation. As a result, a-type cross-sections were evaluated in the Born approximation without short-range correction. Note, however, that short-range and threshold effects are expected to be less important for a-type transitions than for b-type transitions owing to the smaller dipole component (see Dickinson & Richards 1975) . Rate coefficients for transitions with J 3 in HDO are presented in Fig. 7 . It is observed that rates for the a-type transition 0 00 -1 01 Table 2 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of ortho-H 2 O. The upper level energies, E up , are taken from Pickett et al. (1998 (5) 5.7(4) 9.0(5) 6.5(6) 5000 7.5(3) 2.5(5) 8.8(5) 2.6(5) 6.1(4) 9.5(5) 6.9(6) 6000 8.0(3) 2.6(5) 9.3(5) 2.7(5) 6.4(4) 1.0(6) 7.2(6) 7000 8.4(3) 2.7(5) 9.7(5) 2.8(5) 6.7(4) 1.0(6) 7.6(6) 8000 8.7(3) 2.8(5) 1.0(6) 3.0(5) 7.0(4) 1.1(6) 7.9 (6) The coefficients of the polynomial fit, equation (2), are given in Tables 9 and 10 for b-type and a-type transitions, respectively. The complete set of fits is also available via the electronic version of this article. As in H 2 O and D 2 O, equation (2) was found to reproduce our data within 0.1 per cent for the largest rates and usually within Table 5 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of ortho-D 2 O. The upper level energies, E up , are taken from Pickett et al. (1998 5 per cent for the smallest rates. Again, we emphasize that these fits are only valid in the temperature range 100 T 8000 K.
Critical densities for HDO are given in Tables 11 and 12 . These were computed using Einstein A coefficients for spontaneous emission computed from the HDO line intensities tabulated in the JPL catalogue (Pickett et al. 1998) . Again, note that these A coefficients agree to within 1 per cent with those calculated by Chandra et al. (1984b) . Critical electron densities for HDO are found to be Table 6 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of para-D 2 O. The upper level energies, E up , are taken from Pickett et al. (1998 
C O N C L U S I O N S
We have calculated electron-impact rotational excitation rates for H 2 O, HDO and D 2 O. These calculations show that such collisions 1.3(3) 3.5(4) 1.4(5) 2.9(4) 6.9(3) 1.6(5) 5.8(5) 7000
1.4(3) 3.7(4) 1.4(5) 3.1(4) 7.3(3) 1.6(5) 6.1(5) 8000 1.5(3) 3.9(4) 1.5(5) 3.2(4) 7.6(3) 1.7(5) 6.3(5) are essentially dominated by dipolar transitions owing to the large dipole moments of water and water isotopomers. However, shortrange and threshold effects are important and were included via R-matrix results as corrections to the Born approximation. Dipole forbidden transitions thus have appreciable rates which cannot be neglected in any detailed population model of water. In particular, we have shown that rates for electron-impact excitation are crucial Table 9 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of HDO (b-type transitions). The upper level energies, E up , are taken from Pickett et al. (1998 Table 10 . Coefficients a n (n = 0 to 4) of the polynomial fit, equation (2), to the rate coefficients of HDO (a-type transitions). The upper level energies, E up , are taken from Pickett et al. (1998 for modelling environments where the electron fraction is larger than about 10 −5 . In this context, we note the interesting suggestion by Strelnitskij (1984) that electron collisions might contribute to the pumping of H 2 O masers which are commonly observed in star-forming regions or active galactic nuclei (AGN). For example, Elitzur & Fuqua (1989) have presented detailed calculations in which the pumping of H 2 O masers by collisions with neutrals and electrons can result in arbitrarily high brightness temperatures, provided that the electrons are cooler than the neutrals. As these cal- Table 11 . Critical electron density, n cr in cm −3 , as a function of temperature, for rotational levels J = 1 and 2 in HDO. Powers of 10 are given in parentheses.
T (K)  1 01  1 10  1 11  2 02  2 11  2 12  2 20  2 21 culations were based on very simple estimates of the cross-sections for electron collisions, use of the present and higher transition rates should help to assess and clarify the exact role of electrons in cosmic H 2 O masers. We are thus at present extending the POLYDCS code of Sanna & Gianturco (1998) to consider rotational levels with J > 5, in preparation for the modelling of the important 6 16 -5 13 maser transition at 22 GHz. 
